. 15 The RAM includes the proliferation domain (PD) where cells have a high probability of 16 dividing and the transition domain (TD) (Baluška et al., 1996) . The most distal portion of the PD The onset of rapid cell elongation and absence of cell division in the EZ are taken as the only 23 criteria to distinguish between these two regions. Although useful for rough qualitative evaluations, without measuring cell lengths, the identification of the point where rapid elongation 1 starts may vary among researches. A relatively more objective way of determining this boundary 2 implies finding the position at which cell length in a file is more than twice than that of the 3 previous cell (González-García et al. 2011). The latter method may yield biased results: before 4 rapid elongation starts, a longer cell can be followed by a shorter cell in the TD, indicating that 5 this criterion is not always sufficient for an objective establishment of the RAM/EZ boundary. Recently, a geometric approach for identification of the point at which cell elongation starts was 7 proposed that yields similar results to those obtained arbitrarily (French et al. 2012 ). This and and endoreduplication starts (Hayashi et al. 2013 ). For that reason, the PD/TD boundary is 13 associated with changes in cell proliferation, whereas the RAM/EZ boundary defines the point 14 where drastic shift to rapid elongation occurs. 15 The position of the PD/TD boundary is particularly difficult to establish because it 16 fluctuates in time within a cell file and, additionally, is frequently different among different files 
18
Because of this, the PD/TD boundary can only be approximated with certain error that should be Here, to identify the location of the PD/TD and RAM/EZ boundaries we applied a 10 multiple structural change algorithm (MSC) to cell length profile data collected on fixed root pCCS52A1:GUS seedlings were subjected to GUS reaction in the dark for 1 h at 37 °C 13 and GUS staining solutions were prepared as described by Malamy and Benfey (1997 Quantitative analysis 12 We have implemented a semi-automated procedure to systematically and accurately measure cell QC to the first cortex cell adjacent to an epidermal cell that had started to form a root hair bulge 21 (Fig. 1A) . For confocal images the data on meristem length, number of cell in the meristem, the 22 fraction of GFP expressing cells, and root thickness were collected from assembled images. Root There is no consensus about the existence of the TD in roots. Thus, the analysis of the The growing part of the root consists of three discrete regions 19 The problem of single and multiple structural changes in linear models has been studied mainly and xal1 roots at two different ages, 7 and 9 DAS, without specifying the number of expected 13 breakpoints. From cleared roots we obtained the cell length profile of a cortex cell file, from the 14 QC to the first cortex cell adjacent to an epidermal cell that formed a root hair bulge (Fig. 1A) .
15
For each cell length profile we estimated MSC models with different number of breakpoints and 16 their positions. 17 We found that for 58% of Col-0 cell length profiles analysed (23 out of 40 cell files) the 18 most parsimonious model was of two breakpoints ( Fig. 2A, B ). In these cell length profiles the corresponded to the RAM/EZ boundary (Fig. 2C, D) . We found also that for these roots the 23 second most parsimonious model was that with two breakpoints. When this model was applied, the same the RAM/EZ boundary was found and additionally the PD/TD boundary was identified 1 within the RAM. To verify the versatility of the approach, we compared Col-0 wt with a different wt accession, 7 C24. We found that 17, 8, and 75% of cases (n =12 cortical cell length profiles) showed one, two Overall, our data support the existence of two developmental transitions in the growing 10 part of the root. One of these transitions, the shootward, corresponds to the RAM/EZ boundary 11 (Fig. 1A) . In the next section, we will show that the second, rootward, transition corresponds to 12 the PD/TD boundary (Fig. 1B) .
14
The MSC modelling approach identifies the PD/TD boundary 15 Because the different domains and root growth zones are characterized by distinct and specific 16 developmental processes, the distribution of unambiguous molecular markers for those processes 17 could also be used to define the longitudinal zonation of the root (Ivanov and Dubrovsky 2013).
18
The distribution of molecular markers for G2-to-M transition, CycB1;1 DB :GUS or (Table 1 ). This observation suggested that the PD would be of different length in seedlings grown 9 under these contrast conditions. Indeed, the PD length determined by MSC approach was greater 10 at low nitrogen medium (Fig. 3) .
11
The distribution of GFP-positive cells within the meristem was random (Fig. 3A, B) . In have not yet started rapid elongation. Therefore, a molecular marker for endoreduplication, could 5 also be used to establish the PD/TD boundary. The CELL CYCLE SWITCH52A1 (CCS52A1) 6 gene, an isoform of the substrate specific activator of the anaphase promoting the GUS expressing region (seven out of ten cell files, or 70%) (Fig. 4A-G) . In 30% of the 18 analysed cell files, the last PD cell, estimated by MSC approach was clearly in a more rootward 19 position than the GUS expressing region (Fig. 4H-J) . Therefore, the PD/TD boundary estimated 20 by MSC coincided with the onset of pCCS52A1:GUS expression in the majority of cases.
21
These data support the conclusion that the MSC approach enabled estimation of the (Fig. 1A, B) , the 2 former related to changes in proliferation behaviour and the latter to the onset of rapid cell 3 elongation. The PD/TD boundary was estimated on CycB1;1 DB :GFP roots grown on media with low
19
(1 mM) and high (30 mM) concentration of total nitrogen. Interestingly, the PD length (estimated 20 by ExpBiol) in arabidopsis varied depending not only on the N availability, but also among roots 21 grown under the same nutrient conditions. The minimum-maximum numbers of cells in a cell file Organisms, from bacteria to higher eukaryotes, coordinate cell growth and cell division through We denote this cell length as the critical cell size for the initiation of rapid elongation (L critE ).
10
To estimate the maximum cell lengths that correspond to the PD and the TD, we used the 11 12 procedure, we sorted cell lengths of a root cell file in ascending size order (Fig. 5A, B) . Thus, cell 13 length is a function of the cell length rank in the sorted cell length set (Fig. 5B) . We assumed that 14 there are three subsets of sorted cell lengths that correspond to the PD, TD and EZ. Then, after 15 estimation of the breakpoints that correspond to the ranks of the longest PD and TD cells (Fig. 16 5B, C), we found the two linear equations that model the PD and TD cell length subsets after 17 determining the breakpoints by MSC (Fig.5D) . Finally, we used these two linear equations for 18 the PD and TD to estimate the maximum cell length in the PD and TD or the L critD and L critE , 19 respectively (Fig. 5D ). In this way the MSC approach can be used to estimate the critical size of PD/TD and RAM/EZ boundaries were determined by the MSC approach, we compared the sizes 6 of the RAM, PD and TD in wt and xal1 seedlings 7 and 9 DAS. We found that the number of 7 cells and length of the wt PD and RAM increased from 7 to 9 DAS (Table 3 ). In contrast, no 8 change was detected in the TD during this growth period in both genetic backgrounds (Table 3) .
MSC analysis of sorted cell lengths. We called this analysis the sorted MSC (sMSC). For this

9
Thus the RAM size increase in the wt was due to a larger population of proliferating cells in the 10 PD at 9 DAS (Table 3) .
11
Interestingly, in the xal1 mutant we did not detect changes in PD and RAM lengths and 12 corresponding number of cells, from 7 to 9 DAS under our growth conditions (Table3). Because 13 an accelerated root growth is related mainly to changes in the number of proliferating cells 14 (Beemster and Baskin 1998), the almost constant growth of xal1 roots from 3 to 11 DAS (Fig.   15 6A, B) suggested that xal1 PD hardly changes at least during the first ten days. Thus, XAL1 is 16 necessary to maintain steady increase in the number of cells within the PD, and as a consequence, 17 an accelerated root growth. We have applied MSC model to establish the longitudinal zonation pattern of arabidopsis roots. If we consider that the RAM does not include two domains (and the transition to the EZ is along the RAM, the relative cell elongation rate is greater than the relative cell division rate, but 1 cell length profiles do not show a cell length distribution that corresponds to this scenario (Fig.   2 2). Within each domain, different relationships between relative elongation and cell division rates 3 (Green 1976) or DLPs cause a change in the mean cell length. We have found that on average the 4 PD DLP is equal to zero and the TD DLP is greater than zero (Table 3 ). This implies that in the 5 PD there is a balance between relative cell elongation and division rates (Baskin, 2000), while in 6 the TD relative elongation rates are greater than relative division rates. So, our results support the 7 existence of two domains within the RAM. Thus, cell length profiles that include the RAM and 8 the EZ must be modelled by two breakpoints MSC models.
9
The PD/TD boundary is difficult to recognize, partially because relative changes in cell 10 lengths, which not always steadily increase in shootward direction, have to be evaluated. Using a 11 molecular marker such as CycB1;1 DB :GFP we found here, that most of GFP expressing cells 12 were within the PD defined by the MSC approach. However, the fact that in 6% of cases GFP 13 expressing cells were found in the TD, indicate two important aspects: (a) that some TD cells 14 indeed are able to proliferate and (b) that an estimation error must be considered. This same 15 conclusion can be drawn to explain why in some cases pGUS:CCS52A1 expression is detected 16 shootward of the MSC-determined position of the PD/TD boundary (Fig. 4H-J) . Additionally, 17 this discrepancy can be explained by the observation that in arabidopsis roots, the 18 endoreduplication cycle can also start in the EZ and that its duration is greater than that of the cell arabidopsis root showed that accelerated root growth is mainly due to an increased cell 11 production rate during the first 14 DAG, and a steady increase in meristem length during the first 12 two weeks of growth after germination (Beemster and Baskin 1998). These results are similar to 13 our observations of accelerated growth from 7 to 11 DAS (Fig. 6A, B) , accompanied with an 14 increase in the PD length. However, these results contrast with some previous studies that (Fig. 6A, B) , possibly because the PD length hardly changes during, at 23 least, 7 to 10 DAS. This result suggests that XAL1 is involved in the regulation of the transition 1 from the PD to the TD. 
12
In conclusion, the MSC approach for determination of the PD/TD boundary yields similar Table S1 . Quantitative analysis of Arabidopsis C24 wild-type (wt) roots 
3
Error bars represent 95% CI, n = 20.
